An improved assay was used to investigate the effects of hypoxia or ischemia on interstitial fluid and coronary venous effluent levels of adenosine in isolated perfused nonworking rat hearts. The adenosine in 5-to 10-/il samples of left ventricular epicardial surface transudates and coronary effluents was reacted with chloroacetaldehyde, and the fluorescent derivative (l,A*-ethenoadenosine) was quantitated using high pressure liquid chromatography and fluorescence detection. Hearts responding to hypoxia could be separated into two groups. In one group of hearts, the control (normoxic) transudate and effluent adenosine concentrations were 94 ± 24 and 41 ± 6 pmol/ml, respectively. These values increased by 118 and 96%, respectively, with 5 minutes of hypoxia (30% 6^, and returned to control levels 5 minutes after resumption of normoxia. In a second group of hearts, the normoxic control levels of adenosine in the transudates (42 ± 7 pmol/ml) and coronary effluents (62 ± 17 pmol/ml) were increased with hypoxia by 174 and 1,178%, respectively. However, the transudate levels continued to rise for 5 minutes after resumption of normoxic perfusion while effluent levels fell. In another series of hearts, global ischemia for 30 seconds elicited an elevation of transudate adenosine levels by 362 to 641 % above control (58 ± 15 pmol/ml) as determined 30 seconds after resumption of perfusion flow. These data suggest that 1) the adenosine concentration in the interstitium of the oxygenated nonworking rat heart is 4 x 10" 8 to 1 x 10" A denosine modulates heart function and blood / \ flow by interacting with sarcolemmal adeno-A. X . sine receptors of myocardial and vascular smooth muscle cells. Heart levels of adenosine are known to fluctuate; for example, ischemia, hypoxia, or /3-adrenergic stimulation results in enhanced adenosine levels in the heart. 1 "* These elevated levels of adenosine affect the heart by 1) reducing tension development of coronary vascular smooth muscle, 4 2) curtailing the impulse conduction velocity in atrioventricular nodal tissue, 7 and, 3) antagonizing /3-adrenergic-induced contractile and metabolic activity of the myocardium.
role in heart function, the concentration of this nucleoside in interstitial space fluid to which sarcolemmal adenosine receptors are exposed has not been clearly defined.
The adenosine concentration in the immediate environment of cardiac cells has remained unknown as a result of the absence of an adequately sensitive assay to analyze directly small fluid samples obtained from the interstitial space. Fluorometric analysis of nucleoside derivatives has improved analytical sensitivity. 15 " 17 In this study, the adenosine in microliter samples of interstitial fluid (transudates) obtained from the epicardial surface of normoxic, hypoxic, or postischemic rat ventricles was derivatized with chloroacetaldehyde, and the fluorescent derivative was assayed to reveal those concentrations of adenosine in interstitial space fluid to which cardiac cells are exposed.
Materials and Methods

Heart Preparation
Male Sprague-Dawley rats (250-400 g) were anesthetized and heparinized (i.p.) with pentobarbital (40 mg/kg) and heparin (500 units). The hearts were excised, rinsed in iced physiological saline (PS), and immediately perfused at the constant rate of 8.0 ml/min with PS at 37° C via an aortic cannula. Perfusion pressures recorded in the aortic cannula ranged from 55 to 75 mm Hg. The PS contained (in mM) 118.4NaCl, 4.69 KC1, 2.52 CaCl 2 , 25.0 NaHCO 3 , 1.2 MgSO 4 , 1.2 KH 2 PO 4 , and 10 glucose. The pH was 
FIGURE 1. Diagram representing inverted rat heart prepared for sampling of epicardial surface transudates, as described in text. Briefly, heart was excised from rat and perfused via aortic cannula (a). The great veins (b) and pulmonary veins (c) were ligated. A pressure transducer was attached to aortic cannula via side tube for recording perfusing pressure. The plastic support that serves to prevent cannula movement was used to invert preparation. The heart was held in an inverted position by a glass suction tube carefully applied to surface of apical tip of heart (d). A cannula was placed into pulmonary artery to direct coronary effluent away from heart and facilitate collection of effluent (e). Stimulating electrodes were inserted into right atrium for pacing (f). Further details are in text.
Interstitial Fluid and Coronary Effluent SamplesCollection and Analysis
Interstitial fluid samples (transudate samples) were obtained from the left ventricular epicardial surface of the inverted heart by using disposable microsampling pipettes (5 /xl, Corning Glass Co., Corning, NY) to which a gentle vacuum was applied by mouth. During transudate collection, the pipettes did not make direct contact with the ventricular surface. Samples were collected within 1-15 seconds from the entire surface of only the left ventricle. Coronary venous effluent samples were collected simultaneously from the pulmonary artery cannula. All samples were analyzed for adenosine in the following manner. The adenosine was derivatized by adding either 5 ii\ of the transudate or 10 /xl of the effluent to polypropylene microvials (1.5 ml; Sarstedt) containing 20 fi\ of chloroacetaldehyde and 10 fj.1 glass-distilled water. The microvials were tightly capped, heated at 80° C for 40 minutes, and either analyzed immediately or stored at -70° C. Isocratic analysis was accomplished with high pressure liquid chromatography (HPLC) (Waters, Milford, Mass.) using a mobile phase of 10 mM KH 2 PO 4 , 5% methanol (pH 3.3, 0.4 ml/min), and a 5^im Resolve C18 column (Waters). The eluted ethenoadenosine was detected with a McPherson spectrofiuorometer (SF-749) and a High Sensitivity Attachment (Schoeffel, Acton, Mass.). The optimal excitation and emission wavelengths were found to be 275 nm and >360 run, respectively. 13 The fluorometer time constant was 5 seconds; the output was recorded on a 100 mV linear recorder.
(It has come to our attention at time of press that a modification of the packing material used for Resolve C18 column has occurred, making it unsuitable for this assay. The Nova-Pak C18 [15 cm, Waters] has been determined a suitable replacement.) maintained at 7.4 by gassing the PS with 95% CO 2 . The great veins were ligated. After 15 minutes, hearts were inverted, as depicted in Figure 1 , so that the apex was held vertically over the base of the heart. This was achieved by applying a mild vacuum generated by a sink aspirator to the surface of the apical tip of the heart via a glass tube (1 mm i.d.) with a firepolished orifice. The manipulation had minimal effect on the perfusion pressure as measured prior to the inversion of the heart. A polyethylene cannula (0.8 mm i.d., 4 cm long) was placed in the pulmonary artery for sampling the coronary effluent. Hearts were paced at 270 contractions/min via platinum electrodes placed in the right atria.
(Animals used in this study were maintained and used in accordance with recommendations in Guide for the Care 
Preparation of Chloroacetaldehyde
Using a minilab distilling head (H9358, ACE Glass, Linden, N.J.), 25 ml dimethyl chloroacetal (2-chloro-1,1-dimethoxyethane; Sigma Chemical Co., St. Louis, Mo.) was refluxed with 7.5 ml of 1.5 M H 2 SO 4 for 40 minutes, and 2-3 ml of chloroacetaldehyde was collected under nitrogen by distillation at precisely 85.0 to 86.0° C (boiling point: 85.5° C corrected for altitude). Immediately after preparation, 20/il aliquots of the chloroacetaldehyde were dispensed into microvials containing 10 ^tl of glass-distilled H 2 O and stored at -70° C until needed. These vials may be stored for at least 6 weeks.
Protocols
The extent of adenosine derivatization by chloroacetaldehyde was assessed by derivatizing approximately 0.5 pmol [Ul4 C]-adenosine for 5 or 40 minutes and subjecting the contents to HPLC as described above. '*C-radioactivity in sequentially collected 0.4-ml aliquots of the HPLC eluent was determined with liquid scintillation techniques.
The effects of hypoxia and ischemia on interstitial levels of adenosine in the heart were ascertained. Control venous effluent and ventricular transudate samples were collected from normoxic hearts for adenosine analysis. Hypoxia was initiated in one series of hearts by rapidly switching the hearts from normoxic perfusion to PS gassed with 30% Oj/65% Nj/5% CO 2 . At 5 minutes, effluent and transudate samples were simultaneously collected, and hearts were returned to normoxic perfusion. At 5 minutes into the posthypoxic period, effluent and transudate samples were collected again. In another series of hearts, collection of control transudate samples was followed by a 30-second period of global ischemia. Transudate samples were collected at 0.5, 1.5, 3.5, and 6.0 minutes after reestablishing normoxic perfusion.
To determine if adenosine is derivatized in transudate or effluent to the same degree as in water alone, the following procedure was undertaken. A number of transudate samples were collected, pooled, and separated into 10 fil aliquots. Water (10 /xl) or 11 pmol adenosine in water (10 /AI) was added to each aliquot. The samples were subsequently derivatized and analyzed as described above. After subtraction of endogenous adenosine, as calculated from the transudate plus water aliquots, the percentage of the 11 pmol adenosine added to the remaining aliquots as compared to 11 pmol adenosine, which had been derivatized and analyzed in water alone, was determined. The process was repeated for effluent.
Statistical Treatment
Analysis of adenosine concentration data was based on the Student's / distribution for paired data since ELimON TIME ( minutes ) each heart served as its own control, or the Wilcoxon matched pairs, signed ranks test. 18 Differences were considered statistically significant when p< 0.05.
Materials
Reagents, salts, solvents, and glucose were of certified or HPLC grade from Fisher Scientific or Baker Chem. 
Results
Adenosine Derivatization and Analysis
The quantitative derivatization of adenosine in water was verified ( Figure 2 ), using an unbuffered reaction mixture. After derivatizing approximately 0.5 pmol of adenosine, a single fluorescence peak was observed during analysis. As indicated by the M C elution profile, derivative formation reached completion by 40 minutes, with the disappearance of detectable 14 C eluting as adenosine. Sodium acetate has been added to the reaction mixture by others to maintain a pH of 4.5 during synthesis of the ethenoadenosine. 19 " 21 However, when the pH of the chloroacetaldehyde-adenosine reaction mixture (10 pmol adenosine) was held at constant values between 3.5 to 7.0 with 10 mM potassium phosphate, ethenoadenosine production was not substantially affected. Since the pH of the unbuffered reaction mixture was found to range from 3-4 during the course of the derivatization, buffers were routinely excluded. To determine if the transudate or effluent contained substances that impeded the derivatization process, known amounts of exogenously added adenosine were derivatized in transudate or effluent. After correcting for the nucleoside endogenously present, values for adenosine in transudate and effluent were found to be 70.9 and 71.0%, respectively,.of the same concentration of adenosine similarly derivatized in water. Values presented for the concentrations of adenosine have been corrected using these percentages. Standard curves were obtained from the analysis of a range of identically derivatized samples of different adenosine concentrations, with the HPLC mobile phase differing in pH and percent methanol (Figure 3) . Linear correlations were found between peak height and adenosine concentration in the range of 0.042-2.698 pmol (r = 0.997 to 0.999) when the mobile phase was 5% methanol. The sensitivity was dependent on the mobile phase pH. A pH of 3.3 allowed an optimal adenosine detection limit of 0.09 pmol (110-mm fluorescent peak height/pmol adenosine) assuming a signal-to-noise ratio of 10 and a minimally acceptable peak height of 10 mm. Mobile phase pH values of 5.0 and 7.0 permitted adenosine detection limits of only 0.21 and 0.24 pmol, respectively. Elution times of 18, 42, and 50 minutes were observed for the mobile phase pH values of 3.3, 5.0, and 7.0, respectively. A 15% methanol mobile phase was used in an attempt to hasten the elution. When the prederivatized adenosine concentration was less than 0.7 pmol, the peak-height-to-adenosine concentration relation was identical to that found with the 5% methanol mobile phase at a pH of 5.0. At higher concentrations of adenosine, the relation was nonlinear. Although the adenosine detection limit also was found to be 0.1 pmol, the y intercept was 4.41. The nonlinearity over a wide range of adenosine concentrations and a significant ^-intercept value in the absence of adenosine suggests that elution with 15% methanol is unsatisfactory. All succeeding HPLC analyses of fluid samples in this study used a mobile phase of pH 3.5 and 5% methanol. As an index of assay precision, the fluorescent responses to 7 adenosine standards (I pmol each) examined after derivatization varied an average of 3.7% from the mean response.
Verification of Epicardial Surface Transudate Source
Hearts were perfused in an inverted position to permit the collection of epicardial surface fluid originating from the interstitial space. The possibility was considered that leakage from the great veins or pulmonary artery, or fluid from damaged coronary vessels could significantly contaminate the epicardial transudate samples.
3 H-sucrose, which rapidly enters the interstitial compartment, was infused into the aortic PS with a syringe pump (Harvard) at the rate of 0.05 ml/min to achieve a PS 3 H radioactivity of 15 yu.Cl/1. At 6 minutes, a simultaneous infusion of l4 C-dextran (average M.W. 70,000), which enters the interstitial space at a slower rate, was begun to achieve a PS I4 C radioactivity of 30 /i,Ci/l. At 9 minutes, transudate and venous effluent samples were obtained. All samples were counted using standard liquid scintillation techniques. Levels of 3 H and I4 C reached equilibrium in the coronary effluent within 15 seconds after the initiation of isotope infusion. Ratios of I4 C to 3 H radioactivity were calculated for the vascular and interstitial compartments from data on coronary effluent and transudate samples, respectively. The radioactivity of H ratio of the coronary effluents and epicardial transudates at 9 minutes after the initiation of the 3 H perfusion were 1.93 ±0.31 and 0.63 ± 0 . 1 3 , respectively, for 6 hearts. These values were significantly different from each other, suggesting that the transudates were not readily contaminated with PS originating directly from coronary vessels.
Adenosine Concentrations in Interstitial Fluids of Normoxic, Hypoxic, and Ischemic Hearts
Epicardial surface transudate and venous effluent adenosine concentrations were found to increase with hypoxia ( Figure 4 ). Hearts were found to comprise two groups: Group A, in which posthypoxic adenosine concentrations returned to normoxic control levels ( Figure 4A) , and Group B, in which posthypoxic adenosine concentrations remained elevated ( Figure 4B) . In Group A, with 5 minutes of hypoxia (30% O 2 ), the control effluent (41.3 ± 5.4 pmol/ml) and transudate (94.4 ± 24.4 pmol/ml) levels of adenosine rose 96 and 118%, respectively. Five minutes after the resumption of 95% O 2 , adenosine values for both effluents and transudates returned to the control levels, and heart mechanical function was restored to prehypoxic levels. In Group B (Figure 4B ), control adenosine concentrations in the effluent and transudate were 61.3± 16.3 and 4 2 . 3 ± 7 . 5 pmol/ml, respectively. Hypoxia resulted in 1,178 and 175% increases in these values, respectively. After the resumption of normoxic perfusion, hearts were seen to remain depressed me- chanically, and possessed varying degrees of arrhythmia and elevated perfusion pressures (greater than 70 mm Hg). The adenosine concentration in the venous effluent fell 31% below the hypoxic value, although this decline was not significant as a result of variability. However, the adenosine concentration in the transudates continued to rise 165% above those levels observed during hypoxia.
Global ischemia of 30-second duration resulted in an increase in transudate levels of adenosine ( Figure  5 ). As with hypoxia, two different overall responses to ischemia were observed. Adenosine in the transudates either returned to preischemic levels subsequent to reperfusion, or did not return to control. In hearts with the first response ( Figure 5 , closed circles), adenosine levels in transudates collected at 30 seconds after reestablishment of perfusion to hearts were elevated 362% from a control level of 58.0 ± 15.5 pmol/ml. This value declined to 130% above control at 1.5 minutes after restoration of perfusion, and returned to control by 3.5 minutes. Normal rhythmic and mechanical function was observed during the postischemic period. In hearts with the second response ( Figure 5 , open circles), the adenosine found in transudates collected within 0.5 minutes subsequent to the reestablishment of perfusion was 641 % above that in preischemic transudates. Although the adenosine concentrations in the transudates collected at 1.5 and 3.5 minutes tended to decline from the peak postischemic value (0.5 minutes), all postischemic transudate values were significantly elevated above control. These hearts exhibited a progressive loss of mechanical function and an increase in perfusion pressures in excess of 70 mm Hg and arrhythmic activity after termination of the ischemic episode. In one heart that failed mechanically by 3.5 minutes, the transudate adenosine concentration was 1,521 pmol/ml.
Discussion
The absence of a sufficiently sensitive adenosine assay has been a major impediment to the determina- tion of the adenosine concentration in small fluid samples obtained from the interstitial space of the heart. Recently, Berne et al 22 developed an assay capable of detecting 25 fmol of adenosine, using an electrochemical method. The technical complexity of this method can be avoided by using the present assay technique in which the adenosine in small volumes (several /AI) of interstitial fluid obtained directly from the heart is rendered fluorescent. 15 17 produced unidentifiable fluorescent products in the present study, chloroacetaldehyde was freshly prepared, 16 with the final distillate collected at 85.0-86.0° C. Others have chosen a wider range of collection temperatures (80-85° C 23 ) that may have affected the purity of the chloroacetaldehyde prepared. Third, the derivatization mixture was unbuffered. Derivatization of adenosine with chloroacetaldehyde results in the formation of the relatively unstable intermediate, adenine hydroxyethane, which dehydrates irreversibly to the fluorescent (1 ,N 6 )-ethenoadenosine at higher temperatures. 24 Biernat et a F reported that the dehydration step shows only a weak pH dependence in the range of pH 3-7. Although an optimum pH of approximately 5 appears to exist for the entire reaction from adenosine to ethenoadenosine, 19 the reaction proceeds very well at other pH values between 3 and 6. 24 Our data showing the quantitative derivatization of 14 C-adenosine after 40 minutes of incubation suggest that the reaction is complete at the termination of the derivatization period. Finally, assay sensitivity was found to be affected by the pH and methanol concentration of the HPLC mobile phase. Maximum sensitivity with a linear peak-height-to-adenosine concentration relation was obtained using a mobile phase of pH 3.3 and 5% methanol.
DeDeckere and Ten Hoor 26 previously analyzed metabolic constituents in epicardial surface transudates obtained at the apex as drops from free-hanging perfused rat hearts. They concluded that transudates represented interstitial space fluid. However, transudate samples collected in this manner may be contaminated by fluid originating from the vascular structures located above the point of fluid collection. This possibility has been obviated by inverting the heart and cannulating the pulmonary artery to ensure exclusion of vascular fluid from the transudate collected. H radioactivity ratio was significantly less (approximately 33%) than that for the coronary effluents. The transudate ratio should approach zero if dextran were contained exclusively in the vascular compartment. This cannot be attained since dextran enters the interstitial space as a result of the increase in capillary permeability inherent with the absence of albumin from the perfusing PS, 27 and the presence of small molecular weight dextrans in the radiolabelled dextran. Should the transudate include significant quantities of vascular fluid derived from broken vessels or vascular seepage, the transudate radioactivity ratio should approach that of the effluent. The significant difference between radioactivity ratios for the transudate and effluent supports the assumption that the transudate primarily represents capillary filtrate that traversed the interstitial compartment before being sampled on the epicardial surface of the ventricle.
The levels of adenosine in transudates obtained from the oxygenated rat heart were found to range from 42.3-94.4 pmol/ml. Two assumptions are inherent in the acceptance of these values as representative of those found in the interstitial space of the heart. First, the epicardial cell layer must not significantly alter the adenosine concentration in the transudate prior to its collection. The validity of this assumption cannot be assessed at this time although the rapidity of sampling may minimize this consideration. Second, the transudates must be well mixed with the interstitial space. Nonworking hearts contain no fluid under pressure in their ventricles; therefore, the myocardium is not affected by compression forces during systole. A uniform flow of perfusate through the vasculature may allow transudates that originate from the outer layer of the myocardium to reflect the interstitial fluid found at deeper myocardial layers. At present, it is not possble to sample fluid directly from deep myocardial layers since mechanical trauma caused by a fluid collection probe would disrupt capillary integrity, allowing vascular contamination of interstitial fluid samples. Furthermore, adenosine deaminase that may be released from similarly damaged myocytes would enzymatically degrade interstitial adenosine, thereby resulting in an underestimation of the adenosine levels present in the interstitial fluid.
Interstitial adenosine levels in the heart have been estimated by others. Pericardial fluid from the canine heart has been reported to contain 110 pmol adenosine/ ml, 28 whereas PS infused into the pericardial space and allowed to remain in contact with the epicardium for 10 minutes has been found to contain 310 pmol adenosine/ml. 28 Miller et al 29 reported adenosine values of 18.8 pmol/ml, using a similar technique. However, it was noted that the concentration was dependent on the time allowed for equilibration and the volume of pericardial infusate, and the tissue (atria, great veins, and pericardium) bathed by the infusate. Other studies employing the construction of chambers containing equilibrating fluid on the canine heart ventricular surface have suggested interstitial adenosine concentrations of 555, 30 201, 31 and 150 pmol/ml. 22 In the first study, 30 repeated surface abrasion was required to eliminate progressive "proteinaceous film" formation on the surface from which fluid was collected. Fluid collected from the epicardial surface of rat hearts had been previously estimated to contain 120 pmol adenosine/ml. 32 In this report, Heller et al 32 isolated the epicardial surface of the free-hanging heart from vascular contamination by inserting the apical half of the ventricle into a hole in a rubber dam device. Differences in species or techniques may explain the lower basal values of adenosine presently reported for the rat heart.
Transudate and vascular levels of adenosine were found to double in the hypoxic heart. Comparable changes in pericardial perfusate adenosine levels have been reported in dogs with mild asphyxia 28 or stellate ganglion stimulation. 29 In the present study, the sig-nificantly lower level of adenosine in the effluent of Group A hearts as compared to the transudate may have resulted from dilution of the effluent adenosine by adenosine-free perfusion fluid and/or uptake of the adenosine by the endothelium as the nucleoside diffused into the vascular space." Hearts comprising Group B are particularly interesting. After resumption of normoxic perfusion, the adenosine concentration in the transudate continued to rise, while that in the venous effluent began to fall. This suggests that changes in the adenosine concentration of the interstitial fluid cannot always be predicted on the basis of changes observed in the coronary effluent. The concentration of adenosine in either compartment is most heavily influenced by the nucleoside metabolism of the cells that are in immediate contact with fluid in the compartment. The final concentration of adenosine in the interstitial space reflects the rates of adenosine release and uptake by myocardial, vascular smooth muscle, and endothelial cells, while endothelial cells affect most heavily those levels of adenosine found in the vascular compartment. The data suggest that in hearts comprising Group B, the hypoxic episode enhanced the release of adenosine from, and/or depressed the uptake of adenosine into, the endothelial cells. During the recovery period, the continued enhancement of adenosine production by other cell types resulted in a progressive rise in interstitial levels of the nucleoside, perhaps resulting in the maintenance of high effluent levels despite the tendency of these levels to decline. It is interesting to note that the prehypoxic transudate-toeffluent adenosine ratios are reversed in Groups A and B. At present it is not known if the condition of effluent exceeding transudate adenosine presages heart failure as a response to a hypoxic episode, or if the change in ratio is fortuitous. Adenosine concentrations in transudates collected from ischemic hearts within 30 seconds after resumption of coronary perfusion were significantly higher than those of transudates obtained prior to the ischemic episode. Hearts that recovered mechanically and rhythmically during the postischemic period had enhanced levels of adenosine that gradually declined to preischemic levels, presumably as a result of washout and/or uptake by various heart cells. Other hearts that exhibited continued arrhythmic activity, depressed mechanical function, and progressively elevated perfusion pressures had transudate adenosine concentrations that did not return to preischemic levels. Hearts experiencing elevated perfusion pressures rapidly become edematous. The enhanced adenosine concentration during the postischemic period may, in part, have derived from the hypoxic state inherent with increased diffusion distances and/or extravascular compression, which may curtail coronary flow in edematous hearts. Such elevated levels of adenosine may play a role in the induction of arrhythmic activity. 7 Humphrey et al 34 reported that mechanical failure after reperfusion of ischemic hearts was associated with coronary effluent adenosine levels twice those obtained from ischemic hearts that recovered mechanically.
In summary, using a fluorometric technique of improved sensitivity, adenosine levels in 5 /xl samples of transudate issuing from the epicardial surface of inverted rat hearts were determined. The basal concentration of adenosine, 4 x 10~8-l x 10" 7 M, experienced a twofold to sevenfold increase with hypoxia and global ischemia, respectively. Comparison of these data with those similarly obtained from coronary venous effluents of the same hearts suggests that levels of adenosine in the interstitial and vascular compartments can differ markedly, and changes in the coronary effluent adenosine levels may not accurately parallel changes in the levels of adenosine in the interstitium to which myocardial and vascular smooth muscle cells are exposed.
